movement, particularly asinfluenced by pumping and
artificial recharge.

More generally, acomplete inventory of ground-
water quality in the OwensValley is needed to confirm
ground-water concepts presented in this report and by
Hollett and others (1991). Many of the older wells are
open to acombination of hydrogeologic units 1, 2, and
3. Water-quality data from these wells are ambiguous
and difficult to interpret. Recently installed production
and observation wells that are open only to specific
strata offer the opportunity to sample ground-water
quality for specific hydrogeol ogic units of the aquifer
system. Also, some of the new wells are located near
and some far from areas of recharge and discharge.
Water-quality information from these new wells could
aid considerably in confirming the areal and vertical
ground-water flow path and in identifying
likely changesin flow paths. The water-quality
characteristics of interest are major and minor ions;
trace metals; nitrate and nitrite; hydrogen, oxygen, and
carbon isotopes to date the water and identify different
sources of recharge; and possibly pesticides or organic
contaminants to document issues of public health.

Studies of oxygen- and hydrogen-isotope
concentrations across much of southern California by
Gleason and others (1994) revealed strong regional
differences. Ground water from eight wellsin the
Owens Valley had less deuterium (that is, was much
“lighter” in hydrogen isotopes) than did ground water
in basins to the east and south. Thistrend implies that
the dominant recharge to the OwensValley ground-
water basin comes from precipitation from storms that
are moving westward. No trend within the Owens
Valley could be detected from the scant number of
samples. Although storm cells originating to the south
may be important in providing water for native
vegetation, the quantity of recharge to the ground-
water system from such stormsis much less than the
quantity of recharge resulting from runoff from the
SierraNevada.

Ground-Water Flow Model

A valleywide ground-water flow model was
developed to integrate and test the concepts about the
structure and physical properties of the aquifer system,
the quantity of recharge and discharge, and the likely
effects of water-management decisions. A numerical
ground-water flow model, such as the valleywide
model, is a group of mathematical equations that
describetheflow of water through an aquifer. Variables

(parameters) in the equations include hydraulic heads,
transmissive characteristics, storage characteristics,
and therates of inflow and outflow. Different valuesfor
each variable, such as transmissivity or pumpage, can
be distributed throughout the area being modeled in
order to simulate observed spatial and temporal
variations. This general techniqueisreferredto asa
distributed-parameter approach in contrast to alumped
approach, which uses a single value for each type of
parameter.

Even when using a distributed-parameter
approach, however, not all characteristics of the actual
aguifer system can be included in the ground-water
flow model. Simplifying assumptions are required to
make the modeling effort manageable. Many of the
assumptions used in devel oping the Owens Valley
ground-water flow model are characteristic of most
numerical ground-water flow models. Explanations of
these assumptions are given by Remson and others
(1971), Durbin (1978), Freeze and Cherry (1979),
Wang and Anderson (1982), and Franke and others
(1987). Assumptions underlying the particular
computer program used in this study are described by
McDonald and Harbaugh (1988). Additional
assumptions made in the application of the computer
program to the Owens Valley aquifer system are
discussed in the next sections of this report.

For purposes of clarity in this report, hydraulic
head (head) is used when referring to simulated
hydraulic potential, which iswell defined and has a
precise x—y—z location. Ground-water level (level) is
used when referring to general concepts of ground-
water flow and to measured data, which are less well
defined vertically and often represent a composite
hydraulic potential.

Although a simulation model isonly an
approximation of the real world, it can be extremely
useful in gaining an improved understanding of a
complex system—in this case, a ground-water system
interacting with many surface-water features. A
ground-water flow model assures that estimates of
local aquifer characteristics, the water budget, and
hydraulic heads all are compatible. It is this attribute
that gives additional confidence in the concepts and
guantities presented in this report and in those
described by Hollett and others (1991). In areas where
data are sparse or uncertain, the ground-water flow
model can be used to test the reasonabl eness of
assumed values. Finally, a calibrated model—one for
which all the parameter val ues are acceptable—can be
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used to compare the likely effects of different water-
management alternatives.

General Characteristics

The computer program developed by McDonald
and Harbaugh (1988) uses standard finite-difference
techniques to approximate the partial differential
equations that describe saturated ground-water flow.
General characteristics of the numerical code include
division of aground-water systeminto finite-difference
cells, each with uniform hydraulic properties. Multiple
layers can be identified and linked with Darcy's law. A
variety of different types of recharge and discharge can
be simulated with constant-head, head-dependent, or
specified-flux terms. Transmissivity can be constant or
calculated asthe product of hydraulic conductivity and
saturated thickness. Both steady-state and transient
conditions can be ssimulated, each with its own formu-
lation. Several solvers are available, including those
provided by Hill (1990a,b) and Kuiper (1987a,b) that
constrain convergence of the solution using both head
and mass-balance terms. The computer codeis stable
and flexible, and it iswidely used in the public and
private sectors.

Application of the numerical codeto the aquifer
system of the Owens Valley involved the use of two
model layers. Flow between the layers was approxi-
mated by arelation that uses calculated head in
vertically adjacent cells and an estimate of “vertical
conductance” between the cells. Vertical conductance
is calculated from vertical hydraulic conductivity,
thickness between the layers, and horizontal areaof the
cell (McDonald and Harbaugh, 1988, p. 5-11). Trans-
missivity was varied between groups of model cells
(model zones), but was assumed to remain constant
over time. Specified flux terms were used to
approximate discharge from wells and recharge from
precipitation, tributary streams, canals, and ditches.
Head-dependent relations were used to simulate
springs, evapotranspiration, and interaction of the
aquifer system with the river—aqueduct system and the
lower Owens River. A 26-year simulation period
included water years 1963-88 and used annual
approximations of recharge and discharge.

A geographic information system (GIS) was
developed to ensure an accurate spatial control of
physical features and the finite-difference model grid.
This accuracy was critical in linking map information,
such as the vegetative mapping by the Los Angeles
Department of Water and Power|(fig. 9)| thevalleywide
ground-water flow model, and the several more

detailed ground-water flow models developed by Inyo
County and the Los Angeles Department of Water and
Power (table 2). Theoriginal digitizing of geologic and
hydrologic information was done in latitude and longi-
tude coordinates, using the North American Datum
1929, from mapswith scales of 1:24,000 and 1:62,500.
Replotting was done using a Universal Transverse
Mercator (UTM) projection (Newton, 1985). ThisGIS
methodology was used for all map illustrationsin this
report and in Hollett and others (1991). Because of the
accuracy of the GIS method, subsequent computer
scanning of the map illustrations should produce an
accuracy of approximately 0.01 in. and permit
registration with other maps drawn from aUTM
projection. Detailed information on GISand UTM
mapping systemsis given by J.P. Snyder (1982, 1985,
1987) and Newton (1985).

As part of the GIS system, the finite-difference
model grid was linked mathematically to latitude and
longitude and the UTM coordinate system. Coordi-
nates of the finite-difference model grid are givenin

table 12| Projection and translation of coordinate

systems (latitude-longitude, UTM, model) were done
using computer programs based on those devel oped by
Newton (1985). Use of the coordinatesin table 12 and
similar computer projection programs will enable
future investigators to reproduce the model locations
precisely. Useof thistechniquereducesany differences
caused solely by spatial discretization and aidsin
duplicating specific results presented in this report.

Representation of the Aquifer System

Boundaries of the ground-water flow maodel
conform to the physical boundaries of the Owens
Valley aguifer system as shown in figure 14 and as
described by Hollett and others (1991). Lateral under-
flow boundaries are present in eight locations:
Chalfant Valley, the edge of the Vol canic Tableland,
Round Valley, Bishop Creek, Big Pine Creek, Waucoba
Canyon, and east and west of the Alabama Hills. All
other boundariesof theaquifer systemwereassumedto
be impermeable and were simulated with no-flow
boundary conditions. The top of the aquifer system is
the water table, and the bottom is either bedrock, the
top of apartly consolidated unit, or an arbitrary depth
based on the depth of production wells. Hydrogeologic
unit 4 fig. 5) liesbelow the aguifer systemin the center
of the valley and is a poorly transmissive part of the
ground-water system. Simulation studies by Danskin
(1988) concluded that this unit could be eliminated
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Table 12. Map coordinates for the ground-water flow model of the aquifer system of the Owens Valley, California
[Coordinates are calculated at the outside edge of the finite-difference model grid]

Map coordinates

Corner of

model grid Model grid Latitude (north) Longitude (west) Universal Transverse Mercator (UTM)

(row, column) (decimal value in parentheses) coordinates, zone 11, in meters
Northwest........ccoee.... (0.0,0.0) 3&;72:3371;_1) 112835473-02) 361,101 4,144,319
Northeast..........cccevne... (0.0, 40.0) 32?37:?04:1];(13) I %:?.8]538072 67) I 384,423 4,151,436
Southwest............c....... (180.0, 0.0) 3(2624%5445;) 1128111933; 393,126 4,039,368
Southeast..........cccceune (180.0, 40.0) 3&263;36]‘5) tif7?3§% 416,449 4,046,485

from future ground-water flow models with little loss
of accuracy in the upper 1,000 ft of more transmissive
materials. Round Valley and the Owens Lake areaa so
were excluded as suggested by Danskin (1988), pri-
marily for computational reasons and becausethe areas
were peripheral to the specific objectives of this study.
Future ssimulation studies with more powerful compu-
ter capabilities may find that including both areasisan
advantage in analyzing some water-management
questions aswell asin eliminating the use of specified-
flux boundary conditions.

Division of the aquifer system into hydrogeo-
logic units and model layers is more complex and
somewhat more arbitrary than the selection of bound-
ary conditions. For this study, the aquifer system was
simulated using two model layers. The upper model
layer (layer 1) represents hydrogeologic unit 1, the
unconfined part of the aguifer system. Thelower model
layer (layer 2) represents hydrogeologic unit 3, the
confined part of the aquifer system. Each model layer
is composed of 7,200 cells created by 180 rows and
40 columns (pl. 2, in pocket). The active area of
ground-water flow (active model cells) isthe samein
both model layers.

Thisdivision of the aquifer system permits
simulation of the measured ground-water levels, which
generally are either for shallow wells that monitor
unconfined conditions or for deeper wells that monitor
a composite confined zone. The use of two layersis
consistent with the assumption that both unconfined
and confined storage conditions are present in some
parts of the valley (fig. 14).

To test the value of additional model layers, a
smaller, more detailed ground-water flow model was
developed to simulate conditionsin the Big Pine area
(P.D. Rogalsky, Los Angeles Department of Water and

Power, written commun., 1988). Although three layers
were used in the model in order to more closely
approximate the complex layering of volcanic and
fluvial depositsdescribed by Hollett and others (1991),
results from the more detailed model were not signi-
ficantly different from results obtained using the
valleywide model.

Hydrogeologic unit 2, as defined by Hollett and
others (1991), usually represents either a massive clay
bed, such as the blue-green clay near Big Pine (fig. 5,
section B-B'), or overlapping lenses or beds, which are
moretypical of thevalley fill. The Darcian relation that
simulates vertical flow between the model layers was
used to approximate the vertically transmissive proper-
ties of hydrogeologic unit 2. Storage characteristics of
hydrogeol ogic unit 2 were included in the storage coef-
ficients of the surrounding model layers. Thisformula
tionistypical of most models used to simulate ground-
water movement in unconsolidated, poorly stratified
deposits, such as those in the Owens Valley (Hanson
and others, 1990; Berenbrock and Martin, 1991; and
Londquist and Martin, 1991).

Along the edge of the basin, the clay bedsthin,
and hydrogeologic unit 2 virtually disappears (fig. 5,
section C-C'). In these areas, a high value of vertical
conductance was used, allowing water to move
between the model layerswith minimal resistance. The
spatial distribution of vertical conductance and its
relation to hydrogeologic model zones are shown on
plate 2.

In some parts of the valley, hydrogeol ogic unit 2
represents volcanic deposits, such as those near Big
Pine (section B-B' infig. 5). Thevolcanic depositshave
ahigh transmissivity but can restrict the vertical move-
ment of water asaresult of the depositional layering of
individual volcanic flows. Where faulted or highly
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brecciated, the vol canic deposits of hydrogeol ogic unit
2 were represented by a high value of vertical conduc-
tance. Aswith other deposits represented by hydro-
geologic unit 2, the transmissivity of the volcanic
deposits was included in the model layer that best
approximates the storage properties of the deposit—
usually the upper model layer, which represents
unconfined conditions.

To facilitate modeling, the aquifer system was
divided into model zones, each representing part of a
hydrogeologic unit or subunit (Hollett and others,
1991, pl. 2). This technigue was shown to be effective
in preliminary model evaluations (Danskin, 1988),
although the use of additional model zoneswas sugges-
ted in order to simulate key areas of the basin, such as
along thetoes of alluvial fans. Therefore, development
of the valleywide model included additional model
zones—specifically, zones to represent the transition-
zone deposits. Each model zone represents similar
geologic materials that have fairly uniform hydraulic
properties. In the volcanic areas of the basin, main-
taining this uniformity was not possible. Instead, a
single model zone included highly transmissive vol-
canic deposits along with other much less transmissive
fluvial deposits(fig. 5). For these zones, the presence of
volcanic deposits dominated the hydraulic properties.
Outcrops of volcanic flows and cinder cones on the
land surface identified likely locations of volcanic
deposits in the subsurface. The actual presence of
volcanic deposits was confirmed using lithologic infor-
mation from well logs wherever possible. Calibration
of the model was necessary to refine the locations and
hydraulic properties of the volcanic zones.

A likely range of transmissivity for each model
zone was determined by using the values givenin table
9 and the distribution shownin figure 15. In some areas
of the basin, however, little or no data were available.
In these areas, the depositional model s described by
Hollett and others (1991, fig. 14) were used to extrapo-
late dataand concepts. Thistechnique based on general
depositional models with specific data points through-
out theaquifer systemworked surprisingly well. Values
of average horizontal hydraulic conductivity (fig. 16)
times estimated saturated thickness were compared
with estimated transmissivity values in each zonein
order to ensure consistency of hydraulic conductivity,
saturated thickness, and transmissivity. Other methods
of interpolating transmissivity, such askriging (Journel
and Huijbregts, 1978; Sampson, 1978, 1988; Yeh,
1986), were evaluated and found to be of littleusein

the faulted, complex structure of the OwensValley
(figs. 4 and 5).

The transmissivity of volcanic areas was
determined by means of arithmetic weighting of the
estimated hydraulic conductivity and thickness of
volcanic deposits with that of the surrounding sand,
gravel, and silt deposits. Not surprisingly, the excep-
tionally transmissive volcanic deposits dominated the
value of al zoneswherethey were present (pl. 2). Only
afew electric logs were available, but lithologic well
logswere of great valuein identifying the general type
of depositional material and its appropriate zone.

Transmissivity in all areas of the model was
assumed to remain constant over time (pl. 2). This
assumption implies that saturated thickness of the
model layer—particularly the upper, water-table
layer—does not change significantly during model
simulations. Changesin saturated thickness may result
in differencesin computed heads as aresult of a
mathematical nonlinearity in the ground-water-flow
equations (Bear, 1979, p. 308). Because of the relative
thinness of hydrogeologic unit 1, a 20-foot change in
saturated thickness of unit 1 produces a 10-percent
greater fluctuation in nearby water-table altitude than
that predicted by the model. The modeling option to
vary transmissivity over time (McDonald and
Harbaugh, 1988, p. 5-10), however, createsits own set
of problems. These problemsinclude the need for
significantly more detail ed datafor model construction
and the conversion from active to inactive model cells
when dewatered conditions are simulated. For the
Owens valleywide model, these problems outweighed
the benefits gained by varying transmissivity over time.

Vertical conductance between the two model
layers was estimated from aguifer tests, development
of preliminary dewatering and cross-sectional models
(fig. 2), and calibration of the final valleywide model.
A high correlation was found between the value of
vertical conductance and the type of material in the
lower model layer. In most instances, the thicker lower
model layer contributed most of the impediment to
vertical ground-water flow. As aresult, the values of
vertical conductance were keyed to the model zones
representing the lower model layer (pl. 2).

Faults that restrict ground-water movement
(fig. 14) were represented by lower values of trans-
missivity in model cells. Theratio of reduced trans-
missivity caused by the fault to transmissivity of
adjacent aquifer materialsis noted on plate 2. For
example, asection of the OwensValley Fault (F20) was
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determined to reduce transmissivity of the aquifer
materials for that zone by a factor of 20—from
80,000 to 4,000 (gal/d)/ft.

Approximation of Recharge and Discharge

The physical characteristics of recharge to and
discharge from the aquifer system are described in
detail in earlier sections of thisreport, specificaly in
the sections entitled “ Surface-Water System” and
“Ground-Water Budget.” The following discussion
describes only the approximations of ground-water
recharge and discharge that were made in order to
simulate these processes in the ground-water flow
model. The type of boundary condition and method of
approximation for each recharge and discharge compo-
nent are given in table 13. Annual values for each com-
ponent for water years 196388 are given in table 11,
along with the derivation of the value (measured, esti-
mated, or calculated by the model). The areal distri-
bution of each recharge or discharge component in the

model and the average values for each model cell for
water years 1970-84 are shown on plate 3 (in pocket).

Well package—Most of the recharge and
discharge components were simulated using the well
package of McDonald and Harbaugh (1988, p. 8-1).
Thispackage simul ates extraction of adefined quantity
of water from a specific cell in the ground-water flow
model. Annual estimates for several recharge and
discharge components (table 13) were combined in a
pre-processing program, and the net result was used as
input for the well package. In most areas of the model,
only afew valuesin the well package represent actual
discharge from wells (pl. 3F). Estimated flux for
individual items, such asfor a stream or an area of
ground-water recharge, wasdistributed uniformly to all
model cellsrelated to that item. For example, recharge
for a specific stream was the same for each model cell
alongitslength. Theindividual itemsarelisted intable
11. A few components (precipitation, spillways, and
underflow) were assumed to have avirtually constant
recharge or discharge rate from one year to another,
and were simulated with a constant value for water

Table 13. Recharge and discharge approximations for the ground-water flow model of the aquifer system of the Owens Valley, California

[Type of boundary condition: Franke and others (1987). Ground-water flow model approximation: McDonald and Harbaugh (1988). Recharge and discharge
components defined in text. Temporal variation in stress: A, annually varying rate; C, constant rate; C, constant rate for several years]

Ground-water flow model

Type of boundary condition approximation

Temporal
variation
in stress

Recharge (R) or discharge (D) component

Specified fluX........ccccvveeirenenne. WEell package.......cccoeveveriennennne

Head-dependent flux ................ River package..........ccooevveenienns

Head-dependent flux ................ Evapotranspiration package.....

Head-dependent flux ................ Drain package........cccoevveeenennns

Precipitation (R) ......ccoeeeeeerieicesiee et
Spillgate rel€ases (R)......cccoereeerererieniserieesieseeesie e
UNAErflow (R,D) ..cvveviireercierieieeseseeeesenee e
Canasand ditches (R).......cccovrerreeenneeirreec e
IIFQAtioN (R)...cveeveieereieieiete et
Watering of livestock (R).......cccoeeerereeerienene e
Tributary Streams (R)......c.covveerrerreirerneenesesreesesesreeenens
Miscellaneous water USE (R) ....ocovverveveenneeeninenieeesesienenes
Mountain-front runoff (R) .......cccceceveveevieneiiece e
PUMPAEGE (D).t e
Runoff from bedrock within thevalley (R) .........ccccvvvenee.

LaKES (R,D) .uvuverrrreieierieieierereie et
Lower OWens RIVEr (R,D).....cccvuerrerinerineecrieere e
River—agueduct system (R,D).......cccvereinneeninenrererennenenes
Sawage ponds (R,D) ..o
Tinemaha Reservoir (R,D).....ccoevvevieirieiee e
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years 1963-88. Recharge from irrigation and watering
of livestock was simulated as having a constant rate
for each of two periods, water years 1963-69 and
1970-88. All other components were simulated as
having different annual values. Any major changesthat
were made to initial estimates of recharge and
discharge components simulated by the well package
are described below.

Some canals, ditches, and ponds probably gain
water from the aquifer system, at times, instead of
acting as recharge components{(table 13)|. To attempt to
account for thisdual character, a head-dependent
relation (in particular, the river package described
below) was used to approximate some of the larger
canals during devel opment of the detailed ground-
water flow model of the Bishop area (Hutchison, 1988).
This technique, however, was found to dampen fluctu-
ations in ground-water levels too severely, and it was
abandoned.

Estimates of recharge from ponds were not
changed, except for an initia estimate of a 90-percent
percolation rate for purposeful ground-water recharge
in the Laws area. This rate produced poor model
results, and it was reduced during calibration to
75 percent.

Pumpage for each well was assigned to
individual model cells using the map-projection and
tranglation programs described in the previous
“General Characteristics’ section of thisreport and the
well-location information givenin table 9. Distribution
of average measured pumpage from both model layers
is shown on plate 3F.

Underflow was approximated, at first, using
Darcy's law. The calculated quantities of underflow
were distributed along the flow boundary on the basis
of estimated transmissivities. Theseinitial estimates of
underflow had a high degree of uncertainty associated
with them, and they did not work well in the mode!;
subsequently, they were reduced significantly during
calibration (pl. 3G).

River package.—Permanent surface-water
bodies exchange water with the aguifer system—
gaining water if nearby ground-water levels are higher
than the surface-water stage, and loosing water if
nearby levels are lower. A head-dependent relation,
referred to as “the river package” by McDonald and
Harbaugh (1988, p. 6-1), permits simulation of this
type of interaction. The quantity of water exchanged is
calculated by the model from the average stage of the
stream, altitude of the bottom of the streambed,

transmissive properties of the streambed, and model-
calculated head for the upper model layer.

In order to simulate different surface-water
features(table 13)] the average stage and altitude of the
bottom of the streambed (or equivalent riverbed or
lakebed) were estimated for each model cell from
values of |land-surface datum obtained from 1:62,500-
scale USGS topographic maps. For the Owens River,
the LosAngelesAqueduct, and the lower OwensRiver,
the slope of the river stage from upstream to down-
stream model cellswas checked to ensurethat the slope
was relatively smooth and uniformly downhill. The
concrete-lined, nearly impermeable section of the Los
Angeles Aqueduct near the Alabama Hills was not
included in the model.

A “conductance” termis used in the river
package to incorporate both the transmissive properties
of the streambed and the wetted area of the surface-
water feature. The transmissive properties of the
streambed (bottom sediment) for each feature were
estimated from typical valuesfor valley-fill deposits
(table 9; Hollett and others, 1991, table 1) and later
were modified during calibration. For example, values
of conductance for the lower Owens River were
decreased somewhat from values for the Owens River
in the Bishop Basin because deposits near theriver in
the Owens Lake Basin are characteristically finer and
less transmissive. The wetted area of each feature was
estimated from topographic maps, photographs, and
field reconnaissance.

The Pleasant Valley Reservoir was nhot simulated
explicitly in the model, although recharge from the
reservoir was considered in selecting values of under-
flow and in evaluating the simulated gain of water by
the Owens River immediately downstream from the
reservoir. Use of the river package to simulate sewage
ponds near the four major towns was physically realis-
tic, but the parameters and results are highly uncertain.

Evapotranspiration package.—Evapotranspi-
ration was calculated in the model from a piecewise-
linear relation, a series of connected straight-line
segments, that is based on depth of the water table
below land surface (McDonald and Harbaugh, 1988,
p. 10-3). An assumption was made that evapotranspira
tion ceases when the water table is more than 15 ft
below land surface (Groeneveld and others, 1986a;
Sorenson and others, 1991). When the water tableis at
land surface, a maximum evapotranspiration rate is
reached. At intermediate depths, the evapotranspiration
rate linearly decreases from the maximum rate to zero.
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The average maximum evapotranspiration rate
for vegetation on the valley floor was estimated to be
24 infyr for the period prior to 1978. This estimateis
based on measured evapotranspiration (table 5), results
from previous modeling (Danskin, 1988), and meas-
urements of transpiration by Groeneveld and others
(19864, p. 120). The dramatic increase in average
pumping after 1970 and the drought of 1976—77 were
assumed to permanently decrease the maximum vege-
tative cover on the valley floor. As aresult, the maxi-
mum evapotranspiration rate was reduced by 25 per-
cent from 24 in/yr to 18 infyr for the period after 1977.
This reduction was based on the reduced quantity of
water availablefor evapotranspiration (table 10), onthe
variability of maximum evapotranspiration rates
(table 5), and on the observed response to decreased
water availability (Sorenson and others, 1991).

The maximum evapotranspiration rates used in
the ground-water flow model (28 or 24 in/yr) were
chosen to represent the broad areas of native vegetation
covering most of the valley floor. These rates tend to
underestimate evapotranspiration from riparian
vegetation, for which evapotranspiration exceeds 40 to
60 infyr (D.P. Groeneveld, Inyo County Water Depart-
ment, written commun., 1984; Duell, 1990). In particu-
lar, along the lower Owens River, evapotranspirationis
influenced greatly by an abundance of high-water-use
cattails (fig. 10C). As aresult, evapotranspiration
calculated by the model underestimates the actual
evapotranspiration near the lower Owens River,
possibly by as much as 2,000 acre-ft/yr. Most of this
extra discharge, however, is simulated by the river
package as a gain to the lower Owens River. The net
effect on the aquifer system is the same although the
accounting is different. This artifact of the model is
recognized as potentially confusing, but it does not
alter any of the basic conclusions presented in this
report.

Drain package.—Springs and seeps were
simulated with the head-dependent relation referred to
as “the drain package” by McDonald and Harbaugh
(1988, p. 9-1). Thisrelation uses a value of the
transmissive properties (conductance) of the spring and
the simulated model head to compute a discharge—if
the model head is higher than aspecified drain altitude.
If the model head islower, dischargeiszero. Thedrain
altitudes were chosen on the basis of aleveling survey
of each spring (R.H. Rawson, LosAngeles Department
of Water and Power, written commun., 1988), or on a

value of land surface obtained from 1:62,500-scal e
USGS topographic maps.

Simulation Periods

Simulation periods were chosen to calibrate and
verify the ground-water flow model, to evaluate past
water-management practices, and to predict the likely
condition of the aquifer system after 1988. Historical
periods of similar water use, as summarized in table 4,
were used asan aid in selecting simulation periods that
capture the main elements of water management in the
OwensValley and rigorously test the model.

Water year 1963 was chosen to calibrate the
ground-water flow model under equilibrium or steady-
state conditions. This particular period was chosen for
three reasons. First, ground-water levels did not seem
to change significantly during water year 1963, a
prerequisite for a steady-state analysis. Second, the
percent of valleywide runoff for water year 1963 was
about average (107 percent of normal). Third, although
water year 1963 was preceded by a short-term increase
in ground-water pumpage, the year was sufficiently
isolated from major runoff or pumping effects that the
aquifer system was assumed to be in a quasi-steady-
state condition—that is, sufficiently stable to begin a
transient simulation.

Water years 1963-84 were chosen to calibrate
the ground-water flow model under nonequilibrium or
transient conditions. Stable initial conditions were
ensured by beginning the transient simulation with
results from the steady-state simulation of water year
1963. Thefirst part of thisperiod, water years 196369,
represents conditions in the valley prior to completion
of the second agueduct (table 4). The Los Angeles
Department of Water and Power (1972) showed that the
valleywide system was in approximate equilibrium for
water years 1935-69 and, except for brief periods of
heavy pumping during the 1930's and early 1960's,
probably in near-equilibrium for most of the period
between the completion of the first agqueduct in 1913
and the second in 1970. Therefore, the first part of the
calibration period, water years 196369, was assumed
to be fairly analogous to the entire period prior to
operation of the second aqueduct.

The second part of the calibration period, water
years 1970-84, represents the significantly different
conditionsin the valley after completion of the second
aqueduct and therelated changesin water use (table 4).
This second period was atime of significantly
increased pumpage, a decrease in water supplied for
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agricultural and ranching operations, a severe drought
(1976-77), and extremely wet conditions following
the drought. The ability of the model to simulate
such diversity of conditions within the same calibra-
tion period reflects on its appropriate design and
helps to confirm that the model is afairly complete
representation of the actual aquifer system.

Water years 1985-88 were chosen to verify that
the ground-water flow model was not uniquely tuned to
the calibration period and could be used to evaluate
non-calibration periods. The verification period,
although short, is a good test of the calibrated ground-
water flow model because there are significant
fluctuations in runoff and pumpage. Also, new high-
production “enhancement and mitigation” wells were
put into service. The verification period was simulated
after calibration of the model was complete. Recharge
and discharge components required for the verification
period were calculated in the same way as for the
calibration period. No changes were made to recharge,
discharge, or other parametersintheground-water flow
model. In fact, asit turned out, all model simulations
for the verification period were completed prior to
obtaining and reviewing measured ground-water-level
data for the period—arather unnerving, if somewhat
fortuitous sequence for verification.

A final simulation period was defined to
represent “1988 steady-state conditions’—that is, the
equilibrium that the aquifer system would reach if
operations as of 1988 were continued well into the
future. Preliminary evaluation at the beginning of the
cooperative studies identified water year 1984 asa
likely period that could be used to simulate average
present conditions. Subsequent analysis, however,
determined that the OwensValley was in the midst of
significant vegetation and hydrol ogic changes and that
stable quasi-steady-state conditions did not exist in
1984. Therefore, amore generalized steady-state
simulation was designed, taking into account long-
term average runoff and new enhancement and
mitigation wells that were installed after 1984. This
simulation and the rel ated assumptions and approxima-
tions are described later in this report in a section
entitled “Alternative 1: Continue 1988 Operations.”

Calibration

Calibration of the ground-water flow model
involved atrial-and-error adjustment of model param-
eters representing aquifer characteristics and certain
recharge and discharge components in order to obtain

an acceptable match between measured ground-water
levels and computed heads and between estimated and
computed recharge and discharge. For example, more
than 200 hydrographsdisplaying level sand headswere
reviewed throughout the calibration process; 67 of
these hydrographs for 56 model cells are shown on
plate 1. Also, simulated recharge and discharge were
reviewed extensively on a“cell-by-cell” basis
(McDonad and Harbaugh, 1988, p. 4-15) to ensure
that the magnitude and distribution of computed
ground-water flows (fluxes) were appropriate. The
calibration processwas continued until further changes
in the ground-water flow model did not significantly
improve the results and until the model parameters,
inflows and outflows, and heads were within the
uncertainty of historical data.

The philosophy of model development and
calibration was to use general relations for as many
components of the model as possible. These relations,
or conceptual themes, permit an improved understand-
ing of the overall model and its more than 100,000
parameters. For example, the hydraulic characteristics
of the model were based on hydrogeol ogic subunits
(model zones), each with uniform hydraulic properties.
Reductions in transmissivity caused by faults were
calculated as a percentage of the transmissivity of the
faulted material (pl. 2). Recharge and discharge com-
monly were related to a more general concept, such as
the percent of average valleywide runoff. Detailed,
site-specific adjustment of parameters or relations was
donerarely, if at all. Because of the way it was
calibrated, the model is most useful for evaluating
valleywide conditions, not for predicting small-scale
effects covering afew model cells. Site-specific
ground-water flow models or multivariate regression
models, such asdevel oped by P.B. Williams (1978) and
Hutchison (1991), can give more accurate predictions
at selected sites. However, these modelsin turn areless
useful for evaluating valleywide hydrogeologic
concepts or predicting valleywide results of water-
management decisions.

The calibration procedure first involved
estimating initial values of inflow and outflow to the
aquifer system for the steady-state period, water year
1963. Many of the estimates were obtained from pre-
liminary work by Danskin (1988). Adjustments were
made in some of theinitial estimatesin order to ensure
abalance of inflow and outflow aswell asto match the
distribution of measured ground-water levels. An
assumptioninthe calibration of steady-state conditions
was that ground-water levelsin 1963 were similar to
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thosein 1984 for most parts of the basin (fig. 14). This
assumption was necessary because of the absence of
virtually any ground-water-level data prior to 1974 for
hydrogeologic unit 1.

The bulk of the calibration involved making
adjustmentsto the model that are based on thetransient
behavior of the aquifer system during the 22-year
period, water years 1963-84. To ensure stable initial
conditions, the steady-state period was resimul ated
each time changes were made to the model. Also, the
distribution of head and the pattern of ground-water
flow were reevaluated for each steady-state simulation
to ensure that they remained conceptually valid and
similar to those shown in figure 14.

Transmissivity values were adjusted within the
general range indicated by aquifer tests (fig. 15 and
table 9) and related studies (Hollett and others, 1991,
Berenbrock and Martin, 1991). Calibrated values of
transmissivity were slightly higher than initial
estimates for highly transmissive volcanic deposits,
especially in the area of Crater Mountain near Fish
Springs (fig. 15 and pl. 2).

Values of vertical conductance were constrained
to approximately the same values derived from the
preliminary models (fig. 2) and from aquifer tests
described by Hollett and others (1991). Values were
adjusted until simulated heads in the upper and lower
model layers matched measured ground-water levels
indicated on contour maps (fig. 14) and on hydrographs
(pl. 1). For most of the area covered by alluvial fan
deposits, measured levels were not available. In these
areas, values of vertical conductance were adjusted so
that simulated heads in the two layers differed by less
than 1 ft.

Storage coefficients were held constant at
0.1 and 0.001 for the upper and lower model layers,
respectively. For the upper model layer, the storage
coefficient is virtually equivalent to specific yield.
Values determined from aquifer tests (table 9), as
expected, were lower than model values. Aquifer tests,
even those extending several days, are affected most by
the compressive response of the aquifer and expansion
of ground water and are affected very little by actual
drainage of the aquifer materials. Thisdrainage, which
accounts for nearly all of the specific-yield value, is
delayed and occurs slowly over a period of weeks,
months, or years. As aresult, storage coefficients
obtained from model calibration of long-term condi-
tions usually are much moreindicative of actual values
than arethose cal culated from aquifer tests. Attemptsat

specifying unique storage coefficients for each hydro-
geologic unit proved to be tediously unproductive.

All recharge and discharge components had
conceptual or semi-quantitative bounds associated with
them. These bounds (which are discussed in greater
detail in other sections of this report, including
“Surface-Water System” and “ Ground-Water Budget™)
restricted model calibration in much the same way as
did measured ground-water levels (pl. 1). Some
recharge and discharge components (recharge from
precipitation, recharge from spillgates, and underflow)
were assigned constant rates on the basis of their
uniform characteristics from one year to another
(tables 11 and[13)| All other components were varied
annually on the basis of ageneral concept such as
percent annual runoff.

Most recharge and discharge components did
reguire some degree of adjustment, often minor, during
calibration. This adjustment was needed not only to
match measured conditions, but aso to ensure that a
consistency between different recharge and discharge
components was maintained. For example, changing
recharge from a narrow canal on the valley floor
required re-evaluating the quantity of recharge from
narrow tributary streams on alluvial fans and from
broad river channels on the valley floor. The philoso-
phy of calibration did not permit adjusting valuesin
individual model cellsin order to match historical
conditions.

The location and type of model boundaries were
assumed to be known and were not varied. The quan-
tity of underflow, however, was reduced considerably
from previous estimates by Danskin (1988) and the Los
Angeles Department of Water and Power (1976).
Recharge from canals was dightly less than original
estimates. Recharge from purposeful water-spreading
operations was about two-thirds of theinitial estimate.
Conductance of both the river—agqueduct and the lower
Owens River were increased during calibration,
thereby increasing ground-water recharge to or
discharge from them. The quantity of evapotranspira-
tion was less than original estimates. Pumpage was
assumed to be known and was not changed.

Land-surface datum was used in many parts of
the model, particularly in defining head-dependent
relations and estimating precipitation (fig. 7B).
Attempts at computing land-surface values from
1:250,000-scale AMS (Army Mapping Service) point
data sets obtained from R.J. Blakely (U.S. Geological
Survey, written commun., 1986) required fitting a
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surface to the point data; results were not satisfactory,
especially in areas of abrupt changein slope of theland
surface, such as near the Tinemaha Reservaoir.
Therefore, the values were interpolated by hand from
1:62,500-scal e USGS topographic maps and held
constant during calibration.

Results of the model calibration are displayedin
figures 19 and 20, which show comparisons of meas-
ured ground-water levels and simulated heads during
spring 1984 for the upper and lower model layers,
respectively. This was a time when levels were higher
than they had been for several years, dormant springs
had resumed some discharge, and the basin was
assumed to be in a nearly full condition (Hollett and
others, 1991). The match between measured levelsand
simulated headsfor both the upper and thelower model
layers seems to be quite good for most parts of the
basin. A notable exception is the area west of Bishop
near the Tungsten Hills.

Measured water levels and simulated heads for
individual wells are compared on plate 1. Although
more than 200 wells were used extensively in the cali-
bration process, only 67 wells are included on plate 1.
The 67 wells were selected to represent different well
fields, different model layers, and different hydrogeo-
logic subunits (model zones). Some wells were includ-
ed on plate 1toillustratethose parts of thevalley where
the ability of the model to simulate actual conditionsis
not as good as in other locations—for example, well
278 near Bishop and well 172 near Lone Pine (pl. 1).

Precise tracking of the measured and simulated
hydrographs (pl. 1) was not deemed necessary, and
might not be desirable or correct depending on the
characteristics of the well, the surrounding aquifer
material, and the model cell approximating the well.
Of primary importance was that the measured and
simulated hydrographs be of the same general shape
and trend. Shape of a hydrograph isinfluenced by
aquifer characteristics, recharge, and discharge; trend
isinfluenced most by change in aquifer storage. The
magnitude of vertical deflection likely will be different
for measured and simulated hydrographs because of
gpatial discretization required for the model. Theratio
of vertical deflections between the two hydrographs,
however, should remain similar over time. Vertical
offsets might or might not be important depending on
the specific well. For example, an acceptable vertical
offset can result when awell islocated away from the
center of amodel cell; thistype of offset is particularly

noticeablein areas of steep hydraulic gradients, such as
on the alluvial fans.

During calibration of the valleywide modédl, the
comparison between estimated and simulated recharge
and discharge was as important as the comparison
between measured ground-water levels and simulated
heads. Recharge and discharge components that act as
hydraulic buffers respond to changes in other model
parameters and reflect the dynamics of the aquifer
system—sometimes much better than do changesin
head. The smulated recharge and discharge for the
dominant fluxes in the model after calibration are
shown in

Asan aid in using and extending the work
presented in this report, simulated values for each
component of recharge and discharge in the ground-
water flow model are givenin table 11. The individual
values are important aids in compiling water budgets
for specific parts of the valley; devel oping linked water
budgets for the surface-water and ground-water
systems; defining the relative degree of confidenceto
be placed in model resultsin different parts of the
valley; identifying how to revise and improve the
model; and making local water-management decisions.

In placeswhere concepts or datawere uncertain,
the ground-water flow model was not calibrated
forcibly to produce a match between simulated heads
and measured levels. For example, in the area north of
Laws, something is missing in the ground-water flow
model. Simulated headsin layer 1 do not recover after
1974 asfully as do the measured levels (well 107T,
pl. 1). The actual recovery could be caused by any of
several processes—increased underflow during the
drawdown period, induced flow of water from Fish
Slough or the Bishop Tuff, increased percolation of
operational spreading of surface water, or changesin
the operation of nearby canals. Without a valid reason
to pick one process rather than another, none was
altered during calibration—thus highlighting an area of
uncertainty and an area where further work is
necessary. This approach was a major philosophy of
the modeling study and the rational e for including
some of the hydrographs shown on plate 1.

Verification

Water years 1985-88 were used to verify that the
calibrated ground-water flow model will duplicate
measured datafor anon-calibration period. The 4-year
verification period included significant stress on the
aquifer system because of unusually wet and dry

Hydrologic System 81



Ry -~ )
™/

MOUNTAINS / I Lt

9"@
> »
Tinemaha
Reservoir:
. B
— /73

Volcanic
Tableland
1780 30" /

Valley
Reservoir

"J' [ GEOLOGY ——————

Valley fill

]:«Q —~Area simulated with
ground-water flow model

Area not simulated

Bedrock

Geologic contact

h —— — Fault - Selected faults that
~ affect the path of ground-
0 5 10 15 20 MILES water flow and the distribution
[ | | | | of hydraulic head in unit 1
[ ‘ ‘ ‘ ‘ and unit 3 (from figure 14).
0 5 10 15 20 KILOMETERS Dashed where approximate

Figure 19. Measured and simulated potentiometric surfaces for hydrogeologic unit 1 (upper model layer) in the Owens Valley, California, spring
1984.

82 Evaluation of the Hydrologic System and Selected Water-Management Alternatives in the Owens Valley, California



Aqueduct
C Intake
/

~ N,

f.\.,./"/ MountWhitneyy-°J

S/ 2 o
S/ ST le L/
118000 p',} /VO/T/; ,;\6’6\\\0‘“ fj? —
— U ;' W g / ./---
/™ |/ owens Valley” | Rl
,’ W ./
/ Area of map UNTAINS /
/ ..\’. B T - M o ,
/ / — \—-.L.. ~_ INYO v~ /.,,/
: »
~\..~' ‘\& P 1N A
" ~ N Jl { (=) = /
’ ‘320(//;(3 \\5.\ m [ y ¢ Ve AN % \ : //
Canyyy s . T \® I /Owens
/ / — i \Lake
Q ——r|(dry)
( '5@6/ .‘/( U

\

\
<

.

s

.y
Q ‘W .
Diaz

= /[
— "H" — .Lake
= T ——

Lone Pine
Tuttle Cr

Measured

Simulated

altitude of the water table in hydrogeologic unit 1,
represented by the upper layer of the ground-water
flow model, spring 1984. Contour interval 50 feet.

——3,900 —— Datum is sea level

FRESNO / /TULARE (r /
/ - A /
COUNTY/ / COUNTY SIERRA NEVAD. /
EXPLANATION
HYDROLOGY
— —3,900 — — Potentiometric contour - Shows approximate
—> Generalized direction of ground-water

OO000O00OOO

flow — Combined direction of ground-water
flow in hydrogeologic units 1 and 3
Ground-water divide — Approximately
located
Boundary of the aquifer system — As
defined in this report. Arrows indicate the
direction of ground-water flow to or from
adjacent permeable materials
Boundary of the Owens Valley drainage
basin

Figure 19. Continued.

Hydrologic System 83



Pleasant s~
Valley
Reservoir

j — GEOLOGY ——————
Valley fill

r ]; ——~Area simulated with
ground-water flow model

Area not simulated

Bedrock

Geologic contact

/ ~ —— — Fault — Selected faults that
~ affect the path of ground-
0 5 10 15 20 MILES water flow and the distribution
} | | | | of hydraulic head in unit 1
0

‘ ‘ ‘ ‘ and unit 3 (from figure 14).
5 10 15 20 KILOMETERS Dashed where approximate

Figure 20. Measured and simulated potentiometric surfaces for hydrogeologic unit 3 (lower model layer) in the Owens Valley, California, spring
1984,

84 Evaluation of the Hydrologic System and Selected Water-Management Alternatives in the Owens Valley, California



** North Oak

{

T N,

S/ o - &b/
1 & Nory, /\%‘a\'\%’“\\% S
- '.Z‘8~00,0' 03“ - W - “’J“ /-'.,
/ Area of ma
/ - P MOUNTAINS .-/
o0 S— . - . .
;A — . — INYO e -
/ NS R W
\
™. f ¢ ~— ,
- \\ \‘ L/ 8 - /f
\\ )l
’ / 'S?Oz/r/ra “\\9-5,‘-\*. }’ [ V J v \g,\\\ ‘33@0‘ |//
C‘a”yo,; y oy N~ 0/ l/owens|
L § % / —~— N 1\ Lake
Aqueduct g ﬁ h/;\/ o S X |(dry)
Y€ Intake %‘ ) @\ 7/ 6001 N
‘ 2

Lone Pine

Measured  altitude of the hydraulic head in hydrogeologic

unit 3, represented by the lower layer of the
——3,900— ground-water flow model, spring 1984.
Simulated  Contour interval 50 feet. Datum is sea level

FRESNO / TULARE Vet /
/ L A /
COUNTY/ } COUNTY SIERRA NEVAD. /
EXPLANATION
‘ HYDROLOGY ‘
— —3,900 — — Potentiometric contour — Shows approximate —> Generalized direction of ground-water

OOO000OO00O

flow — Combined direction of ground-water
flow in hydrogeologic units 1 and 3

Ground-water divide — Approximately
located

Boundary of the aquifer system — As
defined in this report. Arrows indicate the
direction of ground-water flow to or from
adjacent permeable materials

Boundary of the Owens Valley drainage
basin

Figure 20. Continued.

Hydrologic System 85



119°00' 118°00'
[

‘ 38°00"
A Y
A Y
N
N
Y
AN
~
A Y
N
N
jMONO COUNTY____ "\
INYO COUNTY N
QX
q<«\ %‘70
X
AN
AN
A Y
A Y
AN
_/c..\, AN
£ Crater Mountain \\
457 e Fish Springs N

7 N
P inemaha Reservoir

~—Poverty Hills

EXPLANATION - Big Seeley Springs 37°00"

N
Valley fill

o]

g Blackrock Springs
T Los Angeles Aqueduct

Bedrock

Simulated areas in the

Bishop Basin

Owens Lake Basin

O\ well field

7  Stream-measurement point

° and number
vO Spring
0 10 20 30 40 MILES
\{ T : T T : : :
0 10 20 30 40 KILOMETERS

Figure 21. Simulated ground-water recharge and discharge during water years 1963-88 in the Owens Valley, California. Values for each
water-budget component are given in table 11.

86 Evaluation of the Hydrologic System and Selected Water-Management Alternatives in the Owens Valley, California



300 IIIIIIIIIIIIIIIIIIIIIIIIIIIII 60 IIIIIIIII|IIIIIIIIIIIIIIIIIII 30 IIIIIIIIIIIIIIIIIIIIIIIIIIIII
Surface-water recharge Miscellaneous recharge Recharge from irrigation and
250 — — 50 | — 25 stock water —]
Tributar
200 — stlrelzjimg 40 20 — —
150 — 30 15 —
100 — 20 10 — P
50 — 10 S5
% 0 IIIIIIIIIIIIIIIIIIIIIIIIIII 0 0 IIIIIIIIIIIIIIIIIII|IIIIIIIII
Ig_JSOO IIIIIIIIIIIIIIIIIIIIIIIIIIIII 150IIIIIIIII|IIIIIIIIIIIIIIIIIII 40 IIIIIIIII|IIIIIIIII|IIIIIIIII
x Pumped and flowing wells Evapotranspiration River{aqueduct system and
E 250 — — 125 — — 30 — lower Owens River —
- TJJ_L Stream-measurement points on map
L | - _ | 5to6 _
E 200 100 Bishop Basin 20
E =4 Upper model layer —- B 1 10 _1t°2 Wﬂ_
2 e L g:%%hruﬂ11fffﬁgam£ﬂ;'tpL
w100 50 [— 0 r L
o) 7108\ L o ey
(2]
Ia) L _ | Stream loss| (-) ]
Z 2 25 Owens Lake Basin 10
% Lower model layer
:) 0 O IIIIIIIII|IIIIIIIII|IIIIIIIII _20IIIIIIIIIIIIIIIIIIIIIIIIIIIII
%12 IIIIIIIIIIIIIIIIIIIIIIIIIIIII 15 IIIIIIIIIIIIIIIIIIIIIIIIIIIII 180IIIIIIIIIIIIIIIIIIIIIIIIIIIII
— Recharge from precipitation and Boundary underflow Ground-water storage
Z 10 spillgate releases — 10 — 120 —
Ly
8 s | 5 - Into storage
<
LI) 6 0 m
7) — i 0
o
% 4 = Spillgate releases — 5 —1 60
L
o 2 — — -10— — -120
E:) 0 _15IIIIIIIIIIIIIIIIIIIIIIIIIIIII _180IIIIIIIIIIIIIIIIIIIIIIIIIIIII
E30 I I 30 IIIIIIIIIIIIIIIIIIIIIIIIIIIII 30 IIIIIIIIIIIIIIIIIIIIIIIIIIIII
o5 | Fish Springs 1 s Big Blackrock Springs | s Big Seeley Springs n
20 — — 20 — — 20 — —
15 — — 15— — 15 — —
Measured
Simulated
10 — — 10 |~ — 10 — —
Measured
Simulated Measured
5 |— — 5 — 5 %Simulated ]
0 IIIIIIIIIIIIIIIIIIIIIIIIIIIII 0 IIIIIIIIIIIIIIIIIIIIIrl—‘IIIIII 0 IIIIIIIIIIIILIIIIEEI?‘T\II
1960 1970 1980 1990 1960 1970 1980 1990 1960 1970 1980
YEAR
Multiple items in bar graphs are shown as added (stacked) values, except for stream gain, stream loss, and spring discharge. Miscellaneous
recharge includes "operations, ground-water recharge, recreation/wildlife, enhancement and mitigation" as defined by the Los Angeles
B Department of Water and Power (R.H. Rawson, written commun., 1987-89). Refer to

Figure 21. Continued.

Hydrologic System 87

1990




conditions. Valleywide runoff varied from 158 to

68 percent of normalm In addition, new
enhancement and mitigation wells were put into
production in various locations throughout the valley
(tabled 9and 11). Initial conditions for the verification
were simulated heads for water year 1984 at the end of
the calibration period. Recharge and discharge data
were developed for the ground-water flow model in
exactly the same way and using the same relations as
had been done for the calibration.

A comparison of measured ground-water levels
and simulated heads during the verification period is
shown on plate 1. In general, the match is very good,
particularly in the Laws area where the aquifer was
highly stressed. The model also simulates the return of
spring discharge during the period (fig. 21)| The close
agreement between measured ground-water levels and
simulated heads and between measured and simulated
spring-discharge rates was achieved without any
adjustment of model parameters. Thisability to reason-
ably match data from another time period suggests that
the ground-water flow model can be used to predict
results from stresses that are similar in type and magni-
tude, but not exactly the same as those used during
calibration—a prerequisite for a predictive model.

Sensitivity Analysis

Sensitivity analysisis a procedure to determine
how sensitive the model solution isto achangein each
model parameter, including transmissivity, vertical
conductance, storage coefficients, and inflow and
outflow rates. Asis always the case with numerical
models, not all parameters of the model were known
completely. Because some uncertainty is present in
each parameter, there is some uncertainty in the model
solution. This uncertainty is reflected in heads and
inflow and outflow rates that are somewhat in error. A
sensitivity analysisidentifies which parameters exert
themost control over the model solution and, therefore,
have the potential to generate the largest errors. An
improved understanding of those parts of the aquifer
system represented by the most sensitive parameters
yields the greatest improvement in the ground-water
flow model.

One of the sensitivity tests that was most
illuminating is presented injfigure 22 For the test,
water years 1963-88 were resimulated with slight
modifications in recharge and discharge. For the first
part of the test (fig. 22A), recharge from tributary

streams, recharge from ungaged areas between
tributary streams, and recharge from runoff from
bedrock outcrops within the valley fill were held con-
stant at 100 percent of long-term average conditions
(100-percent runoff year). In the second part of thetest
(fig. 22B), calibration values were used for everything
except ground-water pumpage, which was held con-
stant at the values for water year 1963. Effects from
each test were observed at wellsin recharge areas, near
well fields, and away from both recharge areas and well
fields. As expected, the effectsin recharge areas are
most dependent on recharge, and the effects near well
fields are most dependent on pumpage. Away from
either area, heads are relatively unaffected by changes
in either recharge or pumpage, probably as aresult of
the many hydraulic buffersin the aquifer system. What
is somewhat surprising is the degree to which both
recharge areas and well fields are affected by pumpage.
Clearly, pumpage plays the dominant role in affecting
heads (ground-water levels) in the valley.

For therest of the sensitivity analysis, each of the
model parameterswas altered by acertain amount from
the calibrated values. The amount of the alteration was
determined by estimates of the likely range of the data
(Hollett and others, 1991, table 1) (figs.[15]and[16]
tables 9, and 11). To simplify the analysis, similar
variables, such as transmissivity on the aluvia fans,
were altered together. The variables associated with the
most change in the model solution were identified as
the most sensitive. Similar sensitivity analyses were
done using a ground-water flow model of the Bishop
Basin (Radell, 1989) and a model of the Owens Lake
Basin (Yen, 1985). Those analyses are presented
graphically for several of the model parameters and
depict results similar to those discussed here for the
valleywide model.

Although useful, this method of testing
sensitivity is subject to a potentially significant flaw.
Because each variablein the model istested separately,
the additive effects of changesin more than one vari-
ableare not considered. For exampl e, the simultaneous
overestimation of both recharge and evapotranspiration
in the model would tend to be self-correcting. How-
ever, overestimating recharge and underestimating
evapotranspiration would produce a considerably
different model solution. If neither recharge nor evapo-
transpiration by itself were a sensitive part of the
model, the conclusion from a routine sensitivity
analysiswould be that additional refinement of these
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rates is unnecessary. Neverthel ess, the additive effects
of errarsin recharge and evapotranspiration might
produce significantly erroneous results in some
simulations of the aquifer system.

Thistype of error can be prevented by means of
amore subjective analysis of sensitivity during
development and calibration of the ground-water flow
model. The modeling technigque chosen for the
valleywide model took advantage of this method.
Those characteristics of the aquifer system believed to
be most important were analyzed first using different-
scale model s Then, the valleywide model was
developed by adding sequentially greater complexity
to the model—one recharge or discharge component,
or one additional model zone at atime. In this way,
during model development and calibration, the
sensitivity of each model parameter could beidentified
more easily. These observations, which are asvaluable
as a post-calibration sensitivity analysis, also are
included in the following discussion of the sensitivity
of each parameter.

Transmissivity.—The areal distribution of
transmissivity in the valley is based on scattered data

[(fig. 15)|and an assumption of uniformity within each

model zone|(pl. 2)|Model errors can be associated with
the values of transmissivity chosen for an individual
zone and with the choice of zone boundaries. The
sensitivity of the model to the locations of the zone
boundariesis best evaluated by altering the locations,
recalibrating the model, and observing the differences.
Although this time-consuming process was not part of
thisinvestigation, the location of the transition zone
wasfound, during model development, to beasensitive
parameter. Equally sensitive was the location and, in
particular, the continuity of volcanic deposits near the
Taboose-Aberdeen and the Thibaut—Sawmill well
fields|(fig. 17)]

Variationsin the value of transmissivity withina
model zone produced less effect on heads and ground-
water discharge than was hypothesized initially. An
exception to thiswas the area of highly transmissive
volcanic materials between Big Pine and Fish Springs
(pl. 2). Lower values of transmissivity produced much
lower discharge from Fish Springs and unrealistically
steep gradients from north to south along the edge of
Crater Mountain. From a valleywide perspective, the
addition of the more transmissive model zones
representing transition-zone and volcanic deposits
produced a much greater effect on heads than did
variations of transmissivity within individual zones.

Vertical conductance.—Calibrated values of
vertical conductance (the model equivalent of vertical
hydraulic conductivity) were based on sparsefield data
and modé calibration. To test awide range of possible
values, vertical conductance in each hydrogeologic
areawas varied by two orders of magnitude. However,
the effect on heads was not as pronounced as was
expected. In fact, the model seemed to be rather
insensitive to changesin vertical conductance (Radell,
1989, fig. 6.4). Part of the reason for this may be the
relatively large size of the model cells and use of an
annual approximation of recharge and discharge. Both
of these model characteristics, which require averaging
simulated recharge and discharge over space or time,
result in less change in simulated ground-water levels
for agiven recharge or discharge than would occur in
the actual aquifer system. A greater sensitivity in
vertical conductance might be expected in an analysis
using smaller distances and shorter timeframes, similar
to those used to analyze an aquifer test. During calibra-
tion, the value of vertical conductance was noted as
being closely tied to the rate of evapotranspiration,
which tends to dampen changes in heads near the
valley floor. Lower values of vertical conductance
result in less flow from the lower model layer to the
upper, which in turn results in less water available for
evapotranspiration. This spatial correlation between
vertical conductance and evapotranspiration can be
seen by comparing the vertical difference in head
(figs. and with evapotranspiration rat

Stor age coefficient.—Storage coefficient was
determined to be one of the least sensitive variables.
This result corresponds to similar findings by Yen
(1985, p.150). Sensitivity analysis showed that storage
coefficients higher than the calibrated values did not
change heads significantly, but values |ess than about
0.0001 for the lower model layer (hydrogeologic unit
3) produced unredlistic variations in heads at many
locationsin the basin.

Precipitation.—Precipitation records for the
Owens Valley, in general, are very good, except for an
absence of precipitation stations on the east side of the
valley|(fig. 7A)| Nearly all precipitation falling on the
valley floor is assumed to be used by native vegetation,
and recent monitoring of the unsaturated zone tends to
confirm this assumption (Groeneveld and others,
1986a; Sorenson and others, 1991). Therefore, the
effect of recharge from precipitation falling on the
valley floor was not tested in the sensitivity analysis.
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In contrast, recharge from precipitation is
assumed to occur along the mountain fronts, but the
guantity is completely unknown. The present assump-
tion isthat about 95 percent of precipitation is evapo-
transpired, and 5 percent, or about 2,000 acre-ft/yr, is
recharged| (table 10)| Variations of 3 to 4 times this
value produced minor effects on model simulations,
primarily increasing evapotranspiration fromthevalley
floor and gains of water by the river—agqueduct system.
Similar results were found by Radell (1989, fig. 6.10).
If the present assumption is largely incorrect, then
recharge from precipitation could be a sensitive model
parameter with respect to ground-water flow rates as
found by Danskin (1988). However, alargeincreasein
recharge from precipitation probably would require a
similar decrease in mountain-front recharge between
tributary streams (tabl inorder to maintain
acalibrated model.

Tributary stream rechar ge.—M easurementsof
tributary stream discharge are among the most
complete and most accurate hydrol ogic measurements
in the valley. Because most tributary streams are meas-
ured at both a base-of-mountains gage and a river—
aqueduct gag, estimates of tributary stream
recharge do not vary greatly. An increase of 10 to
20 percent in tributary stream recharge for streamsin
the Owens Lake Basin resulted in moderate to signi-
ficant changes—generally, higher headson thefansand
agreater gain of water by the river—agueduct system.
Heads and evapotranspiration rates on the valley floor
showed much less effect. In the Bishop Basin, particu-
larly near Big Pine, accounting for each stream ismore
difficult, and the uncertainty in recharge estimatesis
greater than in the Owens Lake Basin. Variations of as
much as 50 percent in tributary stream recharge near
Big Pine and Taboose Creeks resulted in aminimal
changein headsinthisareaof hightransmissivities, but

an important change in the discharge of nearby springs
iﬁ g. 17).

M ountain-front rechar ge—Mountain-front
recharge between tributary streamsis alarge, poorly
guantified component of the ground-water budget
Sensitivity analysis of this item included
variations of a 50-percent increase or decrease and
resulted in significantly different heads and ground-
water fluxes along the west side of the basin. Results
are similar to a 15-percent error in recharge from al
tributary streams. The lack of measured data suggests
that errors in estimating mountain-front recharge are
more likely than for most other components of the

ground-water flow model. This large degree of uncer-
tainty makes the high sensitivity of this component
even more important. During calibration of the Bishop
area, an inverse correlation was observed between the
quantity of mountain-front recharge and the quantity of
recharge from canals and ditches; an increase in
recharge for one component probably requires a
decrease in recharge for the other.

Evapotranspir ation.—Evapotranspiration data
are sparse, even in the most intensively studied parts of
the valley|(fig. 2)| Correlations of selected evapotrans-
piration data with extensive mapping of vegetation has
permitted afar more detailed examination of evapo-
transpiration than was possible a few years ago. Even
s0, valleywide evapotranspiration remains a largely
unquantified, highly variable component of the ground-
water flow model. Given this uncertainty, variations of
as much as 25 percent were investigated during the
sensitivity analysis. Not surprisingly, these variations
produced the greatest overall variationsin heads,
inflows, and outflows of any parameter in the ground-
water flow model. Thiseffect results primarily fromthe
large role that evapotranspiration plays in the ground-
water budget and from its broad areal distribution.
Changes in evapotranspiration rates were most evident
in the simulated gain of water by the river— aqueduct
system and the lower Owens River.

Variations in the maximum evapotranspiration
rate for the head-dependent evapotranspiration relation
(McDonad and Harbaugh, 1988, p. 10-1) produced
most of the changein the model. Variationsin the depth
below land surface at which evapotranspiration was
assumed to be zero did not significantly affect the
model solution—except that the solution became
numerically less stable for depths less than 10 ft.

Under flow.—The quantity of underflow isrela-
tively small in comparison with that of other compo-
nents of the ground-water budget, but unlike many
components, underflow in the model is concentrated in
areas of limited extent. Variations in the quantity of
underflow from Round Valley|(fig. 14)| significantly
affected headsin that part of the basin. Variationsin the
guantity of underflow from the Chalfant Valley resulted
in slightly different quantities of evapotranspiration
near Bishop and some gain or loss of water by the
Owens River near Laws. Variationsin the quantity of
underflow along the Vol canic Tableland made little
differencein either nearby heads or gains by the Owens
River.
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Variations in the quantity of underflow south to
the Owens Lake area produced a significant changein
heads west of the Alabama Hills and relatively little
changein heads east of the AlabamaHills. Much of the
potential changein headseast of theAlabamaHillswas
dampened by changes in gains to the lower Owens
River. Values of underflow near Bishop and Big Pine
Creeksand near the Waucoba Canyon werelocally less
important and were not varied as part of the sensitivity
analysis.

Aswastypical of much of the sensitivity
analysis, changesin the quantity of underflow were not
asevident in headsasin the distribution and quantity of
other inflow and outflow components. The hydraulic
buffering of heads by evapotranspiration, springs, and
surface-water features was repeatedly demonstrated in
the sensitivity testing. An analysis of sensitivity of the
valleywide model, or similar models (Yen, 1985;
Hutchison, 1988; Los Angeles Department of Water
and Power, 1988; Radell, 1989), with respect only to
changes in head would miss much of the response of
the model.

Pumped and flowing wells—Discharge from
pumped and flowing wells was assumed to be known
and was hot varied as apart of the sensitivity analysis.
The effect of withdrawing water from different model
layers, however, was investigated. Initially during
model development, all water was withdrawn from the
lower model layer, and the model matched measured
ground-water levels surprisingly well. Subsequently,
dischargefor each well was split between the upper and
lower model layers on the basis of the length of
perforations and the estimated hydraulic conductivity
of adjacent aquifer materials. The match with
measured data did not improve significantly. Thisisa
curious result for atopic that has been thought to be
critical in isolating the water table and native
vegetation from the effects of pumping. The case of
withdrawing all pumpage from the upper model layer
was deemed physically impossible and was not
simulated.

The causes of the lack of model sensitivity to the
vertical distribution of pumpage may be the same as
those suggested for thelack of sensitivity to changesin
vertical conductance—that is, model cellsarelargein
comparison with individual wells and the ssimulation
period islong. A preliminary simulation model of the
Independence fast-drawdown site|(fig. 2] tables/1]and

used model cells as small as 10 ft on aside and
simulated atime period of afew weeks. Results
indicated that the smaller model washighly sensitiveto
changes in the pumpage distribution between layers.
Similar results have been suggested by the Inyo County
Water Department (W.R. Hutchison, oral commun.,
1989).

The lack of sensitivity also may result from the
proximity of many production wellsto the edge of the
confining unit (comparefigs. and Over alonger
timeframe, the pumping influence reaches the verti-
cally transmissive aluvial fans and is transmitted
vertically to both model layers. The confining clay
layers are effectively short-circuited because of the
geometry of the aquifer and the location of the
production wells.

Surface water.—The head-dependent method
of simulating the interaction of the aquifer system with
the Owens River, the Los Angeles Aqueduct, and the
Tinemaha Reservoir allows for adjustmentsin the
prescribed stream stage, altitude of the bottom of the
streambed, and conductance of the streambed. Stream
stage and altitude of the bottom of the streambed were
assumed to be known and were not varied. Variationsin
streambed conductance identified this parameter as
important and narrowly defined. Increasing or decreas-
ing streambed conductance resulted in significantly
different gainsto or losses from the aquifer system.
Thisresponseimplies that the head-dependent surface-
water features exert a strong control on the simulated
aguifer system, but do not act as constant heads
(McDonald and Harbaugh, 1988, p. 3-16; Franke and
others, 1987; S.A. Leake, U.S. Geological Survey, oral
commun., 1989).

Springs.—Springs are simulated in the model
using the drain packagef(table 13)| Spring dischargeis
controlled mostly by a conductance term representing
the transmissive properties of the spring conduit, such
asfractured lava or lavatubes, and by nearby recharge
or discharge. A decrease in the conductance of
individual springs produced remarkable, although
somewhat localized, results. Much of this sensitivity
results from the high natural discharges for several
Spri ngs In contrast, increases in the
conductance of individual springs produced much less
effect. These results indicate that the transmissive
properties of the spring conduits are much greater than
those of the surrounding aguifer materials.
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Use, Limitations, and Future Revisions

The valleywide ground-water flow model is best
used to help answer questions of regional water use,
ground-water flow, and surface-water/ground-water
interaction. The conceptualization of the aquifer sys-
tem described by Hollett and others (1991) provided
the basis for a consistent, logical model for nearly the
entire basin. Thistranslation from qualitative concepts
to quantitative testing was a major purpose for
constructing the valleywide model and remains an
important use of the model. Additional or alternative
concepts of the aquifer system can be tested using the
model as presently constructed or using the model asa
skeleton for asomewhat different model. If changesto
the present model are significant—for example, change
in number of model zones, in transmissivities, or in
areal extent—then recalibration will be required.

The philosophy and methodol ogy of developing
the valleywide model indicate its strengths and
possible uses. The modeling technique used in this
study was the development of successively more
complex models to simulate the aquifer system. The
initial model resembled that documented by Danskin
(1988). Subsequent site-specific models were
devel oped to investigate specific questions about the
aquifer system|(table 2)] and information gained from
these smaller models was incorporated in the design of
the valleywide model. Final refinementsin the valley-
wide model were critiqued in concert with ongoing
modeling studies by Inyo County and the LosAngeles
Department of Water and Power. In thisway, important
information was obtained at several different scalesand
from several different viewpoints. As aresult, the
valleywide model reflects thistechnical and numerical
consensus. During the cooperative studies, the model
played an important role as a neutral, technical arbitra-
tor in answering complex and often volatile water-use
questions. Future beneficial use of the model may bein
asimilar way.

Valuable information gained from design,
development, calibration, and sensitivity analysis of
the ground-water flow model is not complete. Addi-
tional information and insight certainly can be obtained
without any new model simulations simply by addi-
tional review of model dataand results presented inthis
report. Additional sensitivity analysismay behelpful in
identifying which new data are most beneficial in
answering water-management guestions. Although

regional by design, the valleywide model doesinclude
many small-scale features and site-specific data and
concepts. Future analysis of these smaller-scale
features or issues—such as a vol canic deposit, afacies
change, or aquestion of local water use—might best be
done by use of smaller-scale modelsor field studies, in
combination with simulations from the valleywide
model.

The most appropriate use of the valleywide
model isbest illustrated by the results presented in this
report. The goal in designing both water-management
alternatives and figures was to maintain the “regional”
character of the model, focusing on larger issues, over
longer periods of time. Results are presented precisely

[(table 11)|in order that they can be duplicated and
extended; however, use of model results needsto be
more schematic—for example, more change occursin
thispart of thebasin, lessin that part. The specific value
of drawdown at awell or for an areaof thebasin
is far lessimportant than the relative value
(more drawdown or less drawdown) in comparison
with other areas of the basin. Use of the model in this
way will maximize its utility and minimize the
limitations.

The primary limitation of the valleywide ground-
water flow model isthat it isregional in nature.
Interpreting results at a scale of lessthan about 1 mi?is
inappropriate. The model also is“regiona” with
respect to the time scale that was chosen for calibra-
tion. Interpreting results at ascale of lessthan asingle
year isinappropriate. Many limitations of the valley-
wide model are common to al numerical models and
are described by Remson and others (1971), Durbin
(1978), Wang and Anderson (1982), Franke and others
(1987), and McDonald and Harbaugh (1988). Despite
these general limitations of modeling and the specific
limitations of the valleywide model of the Owens
Valley, as described below, no other methodol ogy
provides such a complete testing of ground-water
concepts and data.

Interpretation of model resultsin selected areas
of the basin requires special caution. In particular, the
areawest of Bishop and the area near Lone Pine are
simulated poorly. The areawest of Bishop has a com-
bination of faults, buried Bishop Tuff, terrace gravel
deposits, and abundant recharge. The measured levels
and simulated heads (figs. |19 land 20; do not

match well, indicating that the model does not
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represent actual conditions. It is not clear at this point
whether a more detailed simulation of the complex
geometry of the Bishop Basin described by Hollett and
others (1991) is needed, or if refinement of present
hydrogeol ogic concepts is necessary.

The area around Lone Pine also is simulated
poorly. Any number of changes in the model—in the
location or hydraulic properties of nearby en echelon
faults, in underflow rates, or in recharge from Lone
Pine Creek—did littletoimprovethe match for wellsin
theimmediate area, such aswell 172|(pl. 1). A basic
problem may be that the wells are in small, isolated
compartments created by the en echelon faulting. This
same phenomenon probably is present north of the
AlabamaHills near well 363T (pl. 1). These wells do
not interact with therest of the aquifer system in away
readily approximated by this model. The complex
hydrogeology of the areas requires extensive data col-
lection in order to provide the concepts, spatial defini-
tion, and parameters necessary to design and calibrate
amore accurate numerical model. An alternative
method for predicting local ground-water-level
changesisto use asimple regression model that avoids
many of the spatial and conceptual issues. However, as
noted by Hodgson (1978), use of a regression model
does not obviate the need for amore rigorous ground-
water flow model, at least at aregional scale.

In some parts of the valley, critical hydrologic
features are located within afew thousand feet of each
other. In the Independence area, for example, the
aqueduct, pumped wells, changesin transmissivity and
vertical conductance, and changes in vegetation from
dryland sagebrush to valley-floor phreatophytes
(xerophytes) all are present within about 3,000 ft of
each other. Abrupt changes, such asthese, result in
differences between measured ground-water levelsand
simulated heads (figs.[19 and[20). From aregional
perspective, the differencesare acceptable; however, an
evaluation of specific local conditions may require a
better match.

In the area north of Laws, measured ground-
water levelsin the immediate vicinity of the boundary
of the agquifer system (wells 107T and 252, pl. 1)
recover more rapidly than do heads predicted by the
model. Although noted, this discrepancy does not
affect model simulations or the related results signi-
ficantly. Simulation of thewestern alluvial fansand the
area east of the Owens River produced reasonable

results that seem to validate the basic hydrogeologic
concepts about each area; however, an absence of
measured datain each areasuggeststhat resultsin these
areas should be interpreted cautioudly.

Some of the chosen methods for approximating
the aquifer system may produce undesirable effectsin
some parts of the basin under some conditions. The
choice of simulating a constant saturated thickness for
hydrogeologic unit 1 may lead to differencesin draw-
down near sites of significant recharge or pumpage
when compared with simulated results that account for
changes in saturated thickness. Simulation of canals
and ditches only as sources of recharge underestimate
their capacity to drain the aquifer system during
extended periods of high runoff. The simulation of
underflow as a specified, constant rate limits the
accuracy of themodel for predicting effectsof recharge
or discharge near a flow boundary, such as north of
Laws.

The valleywide model, which simulates the
saturated aquifer system, does not incorporate the
complex process of vegetative growth and water use as
explicit variables, nor does the model simulate the
unsaturated soil-moisture zone. Vertical one-
dimensional models with these capabilities were
devel oped for selected areas of the valley and
asarelated part of the comprehensive studies of
the Owens Valley (Welch, 1988). Incorporating these
featuresin a valleywide model would make it numer-
icaly far too large to be useful. The ground-water flow
model, however, does simulate changes in the water
table and extraction of water from hydrogeol ogic unit 1
by various processes, including evapotranspiration.
With these capabilities, the model can be used to
predict areas of the valley where hydrologic stress,
such as a declinein the water table or adecreasein
ground-water flow rates or discharge, probably will
occur.

A key assumption in using the saturated ground-
water flow model to evaluate likely effects on native
vegetation isthat areas of significant hydrologic stress
correspond to areas of vegetative stress. In related
studies, researchers found that a significant decline in
the water table corresponded to a significant stress on
native vegetation, particularly rubber rabbitbrush
(Chrysothamnus nauseosus) (Dileanisand Groeneveld,
1989; Sorenson and others, 1991). Other factors,

including akalinity and salinity| (table 3)| are
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acknowledged to play animportant rolein the health of
native plant communities Therefore, results
from the ground-water flow model should beviewedin
general terms as areas of the valley where stress on
native vegetation islikely.

A simplification of how the ground-water flow
model simulates water use by plants may contribute to
an underestimation of water-table recovery during wet
periods immediately following dry conditions. During
adrought, plants drop leavesin order to limit transpira
tion and loss of water. During the year following a
drought, use of water by plantsis restricted (because
number of leavesisfewer) until more leaves can be
grown. If abundant precipitation falls during this time
when the plants have fewer leaves, then the precipita-
tion may satisfy the bulk of the water needs of the
plants. Relatively little ground water will be transpired
even though ground-water levels are rising because of
increased recharge. The ground-water flow model
assumes that higher ground-water levels aways result
in higher evapotranspiration from the ground-water
system. This feature may overestimate evapotranspira-
tion during some wet years, and may not alow the
simulated water tableto recover asrapidly as measured
data indicate.

During development of the valleywide model,
the simulation of evapotranspiration by native
vegetation was studied extensively. Several different
approaches were tested, including use of a piecewise-
linear, head-dependent relation with a fixed maximum
evapotranspiration rate, as described for the final
calibrated model; the same relation with a spatially
varying maximum evapotranspiration rate based on
mapped native vegetation; an evapotranspiration rate
based on a separate soil-moisture-box accounting; and
an evapotranspiration raterel ated to preci pitation. Each
method had its own advantages and disadvantages but
yielded surprisingly similar results. This unanticipated
conclusion probably stemsfrom the annual approxima-
tion of recharge and discharge, the long simulation
period, and the regional character of the model. In
order to better simulate some transient conditions,
future revisions of the valleywide model may consider
use of amore complex evapotranspiration package
with spatiadly varying parameters to simulate direct
precipitation on the valley floor, antecedent soil
moisture, and vegetative growth and water use.

Spatial and temporal discretization of the
valleywide model generally does not adversely affect
the ssmulation of regional or subregional water-
management issues. The two-layer approximation of
the aguifer system produced good resultsin nearly all
areas of the valley. However, athree- or four-layer
approximation of the Big Pine and the Taboose—
Aberdeen areas, paralleling the conceptualization
documented by Hollett and others (1991), would yield
amore physically based and possibly more reliable
model. Addition of more layers to the model allows a
better spatial representation of the complex geometry
between pumped vol canic deposits and nearby fluvial
and lacustrine deposits, and might result in amore
accurate simulation of pumping effects on different
parts of the aquifer system. The approximation of
numerous individual clay layers by asingle confining
layer, such as for the fluvial and lacustrine deposits
(figs. 4 and 5), yielded good results and does not need
to be changed in future revisions of the valleywide
model. The present approximation of the massive blue-
green clay near Big Pinewith asimple Darcian relation
islikely to result in inaccurate results for some simula-
tions that are sensitive to the transient propagation of
hydraulic head through the thick clay and the concur-
rent release of ground water from storage in the clay.

The use of model zones to group areas with
similar geologic materials (hydrogeol ogic subunits)
was a simpl e technique that produced good results.
| dentifying transition-zone deposits as a unique hydro-
geologic unit/(fig. 5)|and incorporating the unit as a
separate model zone, as suggested by Danskin (1988),
substantially improved simul ation along the toes of the
western aluvial fans. Additional drilling east of the
Owens River would help to confirm the presence and
configuration of hydrogeologic subunits and related
model zonesin that area (pl. 2).|A more detailed
definition of the hydrogeology of the area west of
Bishop is needed and might prompt a redefinition of
model zonesin that area.

One method of solving some limitations of the
valleywide model is to decrease the size of the model
grid. A finer grid-spacing facilitates a more gradual
change in hydraulic parameters, which produces a
better simulation of the aquifer system. Microcom-
puter capabilities as of 1988 permit design of a
valleywide model with three or possibly four layers
using auniform grid size of 1,000 ft on aside. Use of
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finite-element techniques facilitates increased spatial
resolutioninkey areas(Danskin, 1988). However, prior
to redesigning the present model, certain questions
about hydrogeol ogic concepts need to be answered or
the increased numerical resolution will not be
accompanied by acommensurateincreaseinreliability.
These questions are itemized in alater section entitled
“Need for Further Studies.”

Another method of improving the predictive
capability of the valleywide model in selected areas of
the basin isto use smaller, more detailed models, such
as those developed by Inyo County and the Los
Angeles Department of Water and Power An
important caveat in the use of this type of model
became apparent during the cooperative studieswhen a
detailed model of the Thibaut—-Sawmill areawas devel-
oped by Inyo County (Hutchison and Radell, 19884, b).
Although the boundary conditions of the smaller model
were chosen carefully, the model could not be success-
fully calibrated. Inspection of the valleywide model
revealed that the boundaries of the smaller model,
although reasonable under steady-state conditions,
were too dynamic under transient conditions to be
simulated using the standard modeling techniques
described by McDonald and Harbaugh (1988). Only
transient specified-flux boundary conditions obtained
from the valleywide model were sufficient to achievea
reliable transient simulation. Thus, use of more detail-
ed models may offer advantages, particularly near well
fields or spatially complex areas, but the models need
to incorporate boundary conditions from avalleywide
model.

Both the spatial distribution and method of
simulating stream recharge worked well. Although
ground-water-level dataare sparsefor the upper slopes
of aluvial fans, the general distribution of recharge
along individual streams produced reasonably good
resultsin areas of known levels (figs 19]and[20] pl. 1).
Because of the considerable distance between land
surface on the aluvial fans and the underlying water
table, a noticeable lag may occur between a measured
loss of water in a stream and the resulting response of
the aquifer system (well 1T, pl. 1). Although recogniz-
ed, thislag did not affect simulation results significant-
ly. Future revisions that use stress periods of 6 months
or less may need to account for thistime lag.

The addition of spring dischargeto the model, in
comparison with previous modeling effortsby Danskin

(1988), produced major improvements in simulating
areas along the toes of aluvia fans and edges of
volcanic deposits. Theseareasal so are characterized by
arelative abundance of water and native vegetation
(fig. 3),/which might indicate that evapotranspiration
rates are higher than in most other parts of the valley.
Simulation of these areas might be improved further by
locally increasing the maximum evapotranspiration
rate.

Future modeling also might benefit from amore
detailed simulation of the interaction between the
major surface-water bodies and the aquifer system. A
variety of physically based relations are avail able that
incorporate the wetted surface area of the interface, the
hydraulic conductivity of intervening materials, and
temporal variability in the hydraulic head of the
surface-water body (Durbin and others, 1978; Yates,
1985; Prudic, 1989). Use of an explicit surface-water
model linked to the ground-water flow model would
allow more detailed mass balancing of the surface-
water system than was possiblein this study and would
facilitate the devel opment of integrated surface-
water/ground-water budgets as suggested by Danskin
(1988).

Discussion of Simulated Results, Water Years 1963-88

Calibration and verification of the ground-water
flow model for water years 1963-88 enabled both a
critique of model performance and an analysis of a
critical period of basin operation—in particular, the
conditions before and after the second agueduct was
put into operation. Because measured ground-water
levels for hydrogeologic unit 1 (upper model layer)
were collected at only afew sites prior to 1974, a
guantitative analysis of the period requires the use of
simulated results.

The simulated change in water-table altitude
between water years 1963 and 1984, both times of a
relatively “full basin,” isshown in figure 23. Simulated
conditions for water year 1963 generally reflect
average conditions prior to 1970 (table 4)] In some
parts of the valley, antecedent pumping seems to have
affected measured ground-water levels (pl. 1). Because
this antecedent pumpage is hot included in the model,
simulated heads for water year 1963 may be dightly
higher than measured levelsin those areas. Simulated
conditionsfor water year 1984 also reflect anearly full
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basin, but one after the substantive changes in basin
management that occurred in 1970.

Major changes in the simulated water table
between water years 1963 and 1984 are obviousin the
Lawsand the Big Pinear and arevisiblein
measured levels (pl. 1). Equally major changesalso are
suggested beneath western alluvial fans, particularly
near the Taboose-Aberdeen well field|(fig. 17)|
Because no measured levels are available in the fan
areas, thissimulated result isless certain. However, the
result is consistent with the large increase in pumpage
from the Taboose—A berdeen and the Thibaut—Sawmill
well field the decrease in discharge from
nearby spri ngs and the reasonable simulation
by the model of other conditions during water years
1963-88.

Therelatively wet conditionsin 1984 are
reflected by theblue areasi n indicating arise
in the ssimulated water table. It isimportant to note that
many areas of the valley floor had arisein the simula-
ted water table between water years 1963 and 1984—
even though elsewhere in the valley, the smulated
water table declined. Thisduality of responseistypical
of the complexity observed in the valleywide system.

One of the primary questions at the beginning of
the study was, “What effect does pumping have on
ground-water level sand native vegetation inthemiddle
of thevalley?’ The ground-water flow model was used
to investigate this question for the Independence area,
an area of intensive monitoring and modeling during
the USGS studies (fig. 2 and[table )l Shownin
figure 24 are simulation results from the valleywide
model for water years 196388 at the Independence
fast-drawdown site (site K, fig. 2; table 1). Values of
ground-water-flow vectorsfor two periods, water years
196369 and water years 1970-84, are shown in

The principal components of the vectors show
that the dominant ground-water flow directionis
horizontal and generally eastward, although thereisa
significant southward component in hydrogeologic
unit 3. These results are comparable to those depicted
in figured 14/ 19/ and[20] Asistypical of alayered
aquifer, vertical flow ratesare significantly lessthanthe
total horizontal flow rate in either unit. The difference
in flow rates between thetwo periodsismost evident as
adecrease in the vertica flow rate, decrease in the

evapotranspiration rate, and increase in the southward
flow rate in hydrogeologic unit 3.

It isimportant to note that the vertical flow rate,
and therelated decreasein vertical flow rate, isalarger
percentage of flow in hydrogeologic unit 1 thanitisin
hydrogeologic unit 3. Pumping may producerelatively
minor effects in hydrogeologic unit 3, and at the same
time, have amuch greater effect on flow rates into and
evapotranspiration from hydrogeologic unit 1. Native
vegetation depends on the continuous flow of water
into hydrogeol ogic unit 1 and isaffected by achangein
flow rates. Showninfi gur isthesimulated change
in flow rates and evapotranspiration for water years
1963-88. The effect of pumping is clearly evident,
beginning in 1970, in simulated flow rates and evapo-
transpiration at the Independence fast-drawdown site.

The importance of maintaining an adequate
ground-water flow rate into hydrogeologic unit 1 also

isillustrated in/figure 25/ which shows a schematic

east— west section in the same general area of

Independence shown in|figure 24| Two conditions are

shown in the section ground-water levels
with and without ground-water pumping. With no

pumping, ground-water levelsarefairly static. Ground
water recharges hydrogeologic units 1 and 3 from the
western aluvia fansin proportion to the saturated
thickness of each unit. With pumping, the saturated
thickness of hydrogeologic unit 1 is decreased, which
in turn decreases the quantity of ground water flowing
into hydrogeologic unit 1.

Eventually, this decrease will reduce the rate of
evapotranspiration from the middle of the valley (fig.
24). This aspect of afluctuating saturated thickness
(time-variant transmissivity) was not simulated by the
ground-water flow model; asaresult, changesin actual
ground-water flow ratesinto hydrogeologic unit 1 may
be somewhat greater than those shown in figure 24.

In summary, the aquifer system, particularly the
discharge components, changed significantly with the
increase in pumping and export of ground water after
1970. Although changes in water use and distribution
of surface water also were made in 1970, most of the
changes in the aquifer system resulted primarily from
increased ground-water pumpage. The increased
efforts at ground-water recharge after 1970 did not

compensate for the increased pumpage (table 10)
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Figure 24. Simulated ground-water flow rates near the fast-drawdown site at Independence, California (figure 2, site K; table 1). A, average flow
vectors for water years 1963-69 and 1970-84 for the ground-water model cell (row 128, column 23) that represents the area surrounding site K.
Also refer to section|C-C’ (figure 5). B, annual flow rates for water years 1963-88.
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EVALUATION OF SELECTED WATER-
MANAGEMENT ALTERNATIVES

An evaluation of alternative methods of water
management involves an appraisal of the present
(1988) operating conditions and the physical and social
constraints that restrict changesin operations. This
evaluation recognizes the socia constraints, but
focuses on the hydrologic constraints, recognizing that
although social constraints might seem to be more
encumbering, they often are far less static than the
physical constraints presented by precipitation, stream-
flows, and the aquifer system. Much of the evaluation
relies on simulation results from the valleywide
ground-water flow model to quantify the likely effects
of different management alternatives.

General Water-Management Considerations

Water management of the OwensValley involves
acomplex array of conflicting needs and desires. The
residents of the OwensValley need water for local uses
such as ranching and domestic supply. Many of the
residents desire that water be used for the aesthetic
aspects of the valley such as flowing streams and to
provide the water needs of native vegetation. The Los
Angeles Department of Water and Power, although
recognizing these local needs and desires, has
continuing needs to export water to Los Angeles. As
regional water supplies dwindle and the population of
southern Californiaincreases, LosAngeles may desire
to export additional high-quality water from the Owens
Valley. In the difficult task of balancing conflicting
needs and desires, the emotional side of water-
management issues often tendsto take precedence over
otherwise purely technical issues.

The goals of water management in the Owens
Valley consist of fulfilling both needs and desires. The
primary goals include supplying sufficient water for
local domestic, ranching, and municipal uses; for
native vegetation and aesthetics; and for export to Los
Angeles. Secondary goals include mitigation of
pumping effects on native vegetation in the immediate
area of wells and enhancement of selected areas of the
valley. Inherent in achieving these secondary goals, if
other water-management practices are continued, isan
acceptance of alikely overall decreasein the quantity
of native vegetation in other areas of the valley. An
ongoing management goal since 1970 has been to
decrease consumptive use of water on ranches and

lands leased by the Los Angeles Department of Water
and Power and to use water more efficiently throughout
the valley. Achievement of each of these goalsis
limited by avariety of considerations that constrain
water management in the Owens Valley. The major
considerations are described bel ow.

Regional water supplies—The OwensValley
is part of amuch larger network of water supplies,
transport, and use. In southern California, water is
obtained from alimited number of sources, primarily
from northern California, the Colorado River, and the
OwensValley. The use and export of water from the
Owens Valley must be viewed within the larger issues
of water supply and demand within the arid Southwest,
particularly southern California.

Export of surface and ground water.—\Water-
gathering activities a ong the aqueduct, primarily north
of the OwensValley in the Mono Basin and the Long
Valley, contribute to the total export of water to Los
Angeles. A series of reservoirs and ground-water
basins along the aqueduct system between the Mono
Basin and LosAngeles are used to regul ate flow and to
store water from one year to the next. Because these
storage capacities, in general, are limited, a nearly
constant export of water from the OwensValley is
desired. Since 1970, ground-water withdrawals from
the Owens Valley have been used to augment surface-
water diversions. In an average-runoff year, some
ground water typically is exported; however, in a
bel ow-average runoff year, the quantity of ground-
water exported out of the valley isincreased signifi-
cantly to make up for the shortage in surface water.

Antecedent conditions from the previous water
year affect the quantity of export desired by the Los
Angeles Department of Water and Power. If antecedent
conditions are dry, then less water is stored in reser-
voirs and ground-water basins along the aqueduct sys-
tem, and more water is needed from the OwensValley.
Asshowninfigure 18, theantecedent conditionsinturn
affect the quantity of ground water that is pumped. If
the preceding year has had average or above-average
runoff, then ground-water pumpage isless.

The exportation of water from the OwensValley
to LosAngeles has been the subject of many controver-
siesand lawsuits. Historically, Californiawater law has
been interpreted to require maximum beneficial use of
water (State of California, 1992). In the early 1900's,
beneficial use was nearly synonymous with reclama-
tion of theland for farming and for industrial and muni-
cipal use. Since about 1970, the historical beneficial
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